• Antidepressants are associated with withdrawal symptoms after in utero exposure.
• Antidepressants are associated with withdrawal symptoms after in utero exposure.
• Half-life of clomipramine in neonates is prolonged compared with that in adults.
WHAT THIS STUDY ADDS
• We present 10 cases of neonates exposed in utero to clomipramine, with detailed information about withdrawal symptoms and pharmacokinetics.
• There is a high and severe complication rate in our cohort regarding the mother and the neonate.
AIM
After in utero exposure to tricyclic antidepressants, neonatal withdrawal symptoms have been reported with an estimated incidence between 20 and 50%; however, few data are available for clomipramine. This could also be the case for neonatal pharmacokinetic clomipramine parameters and so this study was set up.
METHODS
Babies exposed to clomipramine in utero were included in an observational study, approved by the local ethics committee, after written informed consent. Withdrawal symptoms were scored at 12, 24 and 48 h after birth using the Finnegan score. Plasma concentrations were determined using an in-house-developed, validated liquid chromatography with mass detection (LC-MSMS) method at 0, 12, 24 and 48 h after birth.
Introduction
Severe depression during pregnancy is a serious risk for maternal and neonatal complications. Untreated maternal depression may lead to premature delivery, lower birth weight and disturbed motor, social, cognitive, emotional and neural development of the neonate [1] [2] [3] [4] [5] . Drugs of choice for maternal depression are tricyclic antidepressants (TCAs) and fluoxetine, a serotonin reuptake inhibitor (SSRI) [6] [7] [8] [9] [10] . Following recent discussions about the efficacy of SSRIs in general, the use of SSRIs during pregnancy should be reconsidered [11] . In recent years, serious neonatal outcomes, such as septal defects, neonatal convulsions and neonatal pulmonary hypertension shortly after delivery, have been reported following the use of paroxetine [12] [13] [14] . Tricyclic antidepressants are transported through the placental barrier by passive diffusion. Owing to the lipophilic properties of TCAs, the mechanism of this placental passage of TCAs is probably passive diffusion [15] . Neonatal withdrawal symptoms have been reported to result from in utero exposure to TCAs. It has been estimated that 20-50% of neonates might develop TCA withdrawal reactions due to maternal use [16] [17] [18] . Neonatal TCA withdrawal symptoms have previously been reviewed and include one or more of the following symptoms: sleeplessness, temperature instability, convulsions, tachypnoea, dyspnoea, restlessness, arrhythmias, emesis, tachycardia, aberrant stool, urine retention, decreased tone, cyanosis, apathy, unstable blood pressure and agitation [19] . For clomipramine, withdrawal symptoms were seen within 24 h after birth [20] [21] [22] .
Pharmacokinetic parameters of neonatal clomipramine elimination are hardly available. In one study, clomipramine was eliminated from plasma in a neonate after 10-22 days [22] . However, pharmacokinetic data are still required to establish a safety period where extra professional observations can be made before safe discharge of the neonate from the hospital.
Neonatal clomipramine pharmacokinetics are thought to be different from those in adults, because cytochromes P450 3A4, 2C19 and 1A2, which are responsible for demethylation of clomipramine in adults, are present to a lesser extent in neonates [23] . At birth, CYP3A4 has an activity of 2% compared with adults, which increases to 13% of adult activity in 7 days [24, 25] . For CYP1A2 and CYP2C19, the fraction of adult activity is 0.1 and 0.03, respectively, in the first 7 days of the neonate [25] . Furthermore, desmethylclomipramine is eliminated by glomerular filtration, which is low in newborns. Renal blood flow increases from 16% of cardiac output at term birth to 20-25% of cardiac output at 1 year of age, which affects both glomerular filtration rate and tubular drug excretion [24] . In addition to pharmacokinetics, it is not yet known how pharmacodynamics of antidepressants in neonates and in adults relate to one another [26] .
These differences make interpretation of clomipramine concentrations in neonates difficult; these may be of importance to distinguish between withdrawal reactions and neonatal toxicity, together with structural assessment of neonatal behaviour.
Some researchers call for a revision of the concept of neonatal antidepressant withdrawal syndrome [27] [28] [29] . They argue that high blood concentration levels in the neonate may cause both toxicity and withdrawal reactions. Therefore, we decided to study the assessed blood concentration levels of the TCA in the neonate to investigate the relation between pharmacokinetics and neonatal behaviour.
Patients and methods
This observational study was performed in Zwolle, The Netherlands, at the Isala Clinics, a large (1000 beds) secondary teaching hospital with about 3000 deliveries each year. The study was approved by the hospital's medical ethics committee and the central medical ethics committee of The Netherlands (CCMO). In our hospital, a pregnancy consultation service team providing collaborative care with medical specialists and other healthcare professionals, including specialists in gynaecology, psychiatry, paediatrics, physiotherapy, mental health and clinical pharmacology, has developed a specific psycho-obstetric protocol for treatment of pregnant women with psychiatric diseases. Midwives and general practitioners in the region of our hospital redirect pregnant women with psychiatry disorders to the pregnancy consultation service team.
Inclusion criteria for the pregnant women were written informed consent for the study protocol, use of clomipramine during the whole pregnancy and age >18 years.
We excluded women who were mentally incapacitated, had twin pregnancies, used drugs of abuse (not nicotine or alcohol), used additional other antidepressants or antipsychotic drugs, used drugs with the same or higher teratogenic risk classification, and used any additional drugs with any influence on TCA metabolism. Compared with normal monitoring of patients at risk during pregnancy, after delivery, the patients were asked to visit the physician or primary investigator of the research team for additional blood sampling and to test the severity of the depression using CES-D scores. Demographic data (bodyweight and height, and tertiary study parameters) were collected. Once included and with a signed informed consent, the patient's GP and pharmacist were informed that his/her patient participated in this trial.
The Finnegan score, which was developed in the 1970s to diagnose neonatal opioid withdrawal symptoms, has been used frequently to diagnose neonatal antidepressant withdrawal and was used to detect clomipramine withdrawal [30] . We added the following items: urine retention, tachycardia, cyanosis, anxiety, restlessness, fluctuations in P. G. J. ter Horst et al.
blood tension, fluctuations in temperature (0.5°C), fluctuations in cardiac rhythms, dyspnoea, excitement and apathy, based on research by Laine et al., Moses-Kolko et al. and Dilsaver et al. [29, 31, 32] . Other relevant explorative data of the neonates, such as gestational age and birth weight, were collected.
Neonatal blood sampling (0.5 ml) was performed using EDTA-containing tubes. Sampling times were immediately after delivery from the umbilical cord, and 12, 24 and 48 h postpartum. Due to the observational character of this study, we did not want to disrupt any sleeping pattern of the mother or the neonate, so sampling times were adjusted if appropriate for the situation. At each sampling point, withdrawal symptoms were scored.
Blood samples were analysed with an ultra performance liquid chromatography with mass detection technique (Acquity® UPLC system, Acquity® TQD detector and Acquity® UPLC BEH C18 column, and Masslynx v4.1 software for concentration calculations, all from Waters Chromatography, Etten-Leur, The Netherlands). Samples were processed as follows. Fifty microlitres of plasma was added to 200 ml internal standard solution (nortriptyline-D3 0.1 mg l -1 in acetonitril : methanol 2:1), then mixed thoroughly and frozen for 10 min at -20°C, after which 150 ml of the supernatant was added to 600 ml of Millipore water. Injection volume was 20 ml. Samples were eluted with a gradient elution system containing 200 ml Millipore water added to 200 ml formic acid (A) and 200 ml acetonitril added to 200 ml formic acid (B). During elution, the ratio A : B changed from 75:25 during the first 30 s to 60:40 at 2.5 min. Thereafter, a 0.5 min column-cleaning procedure was performed using 100% acetonitril to remove interfering phospholipid structures from the plasma. The linearity of our developed method was between 5 and 400 mg l -1 for both clomipramine and desmethylclomipramine, which seems suitable for the expected plasma concentration range (50-450 mg l -1 ). Within-day variations for three concentrations (75, 150 and 225 mg l -1 ) and between-day variations for three concentrations (75, 150 and 225 mg l -1 ) were lower than 4.8%, and the limit of quantification was 5 mg l -1 for both components. All reagents were of analytical grade. Acetonitril (UV grade) and methanol were purchased from Labscan® (Cuijck, The Netherlands), nortriptyline-D3 was purchased from LGC (Wessel, Germany), and formic acid was purchased from Sigma-Aldrich Chemicals (Zwijndrecht, The Netherlands).
Pharmacokinetic calculations were performed using Microsoft Excel (MS-Excel 2002, Microsoft Corperation USA).
Results
From 2004 until 2009, 11 mother-child pairs were included in this study. Demographic data and drug information are presented in Table 1 . Three of 11 pregnancies were complicated by pre-eclampsia, and one pregnancy was complicated by diabetes mellitus. Four neonates were born by caesarean section. Due to protocol violation in the delivery room, data from one neonate (no. 10) were not collected; this infant was excluded from the study. In eight neonates, clomipramine levels and in seven neonates, desmethylclomipramine levels above the limit of quantification (LOQ) (5 mg l -1 for both) could be determined. The courses of clomipramine blood levels in the first 60 h after birth are shown in Figure 1 . For most neonates, clomipramine levels decreased slowly after birth.Two neonates (nos 3 and 4) showed an increase in clomipramine levels after 24 h. The clomipramine concentration of neonate no. 2 reached the LOQ after 24 h. Furthermore, when we assumed first-order kinetics, we could calculate a half-life of 42 Ϯ 16 h (mean Ϯ SD) for five neonates with three data points (see Table 2 ). In Figure 2 , the ratio of desmethylclomipramine to clomipramine is plotted.The small positive slope of the graphs indicates an increase of metabolic capacity.
Clomipramine withdrawal symptoms
Ten neonates could be evaluated for clomipramine withdrawal symptoms. The observed withdrawal reactions are presented in Figure 3 . Mean Finnegan scores were 5.6, 2.3 and 2.0 at 12, 24 and 48 h postpartum, respectively. One neonate had nine withdrawal symptoms, one had seven symptoms, three had five symptoms, one had four symptoms, one had one symptom and one showed no withdrawal symptoms.
The most frequently observed withdrawal symptoms were too short a period of sleep after feeding in six of 10 cases, poor feeding in three of 10 cases, mild to severe tremors when disturbed in six of 10 cases, hyperactive Moro reflex in three of 10 cases and respiratory rate >60 breaths min -1 with or without trembling in three of 10 cases. Serious withdrawal reactions were seen in two neonates: tachycardia and cyanosis. No differences were seen in the frequency of withdrawal symptoms or half-life values between neonates who were breastfed and neonates who were bottle fed. All withdrawal symptoms are presented in Figure 3 . Besides the withdrawal reactions, we did not find any structural anomaly with the 20 weeks of pregnancy structured ultrasound procedure nor immediately after delivery. A weak correlation was found between the rate of blood level decrease and the Finnegan score, as shown in Figure 4 . The decrease of clomipramine or desmethylclomipramine plus clomipramine levels account for the higher Finnegan score, though correlation coefficients are low (0.2144 and 0.1078, respectively).
Discussion
In this study, we found the half-life value of clomipramine in neonates who were exposed in utero to be 42 Ϯ 16 h (mean Ϯ SD). Most frequently observed withdrawal symptoms were a shortened period of sleep after feeding, poor feeding, mild to severe tremors, hyperactive Moro reflex and a respiratory rate >60 breaths min -1 with or without trembling. Furthermore, three of 11 pregnancies were complicated by pre-eclampsia. A relation between withdrawal symptoms and blood levels of clomipramine and desmethylclomipramine was not found to be statistically significant.
The half-life of clomipramine in neonates we found (42 h) is roughly twice as high as adult values (20 h) [33, 34] . This was to be expected because of functional immaturity 
Figure 1
Blood levels of clomipramine after birth (0 = umbilical cord blood) Ratio of desmethylclomipramine to clomipramine after birth (0 = umbilical cord blood)
of physical processes and organ functioning in neonates [25] . Schimmel et al. reported a substantially higher neonatal half-life for clomipramine of 93 h [35] . However, analysis of clomipramine in this specific case was done by a nonselective method of concentration measurement, which cannot exclude attributable effects of the metabolite, desmethylclomipramine [35] . Loughhead et al. presented a study in which analysis of clomipramine and desmethylclomipramine was performed on maternal and umbilical cord samples [36] .The ratio of the concentrations of clomipramine and its active metabolite, desmethylclomipramine, between umbilical cord blood and maternal blood, were 0.60 Ϯ 0.50 and 0.80 Ϯ 0.60, respectively. However, in their study no data were available of neonatal clomipramine or desmethylclomipramine concentrations [36] . For calculating half-life values, we used formulae for first-order kinetics. It was not possible with our sparse data set to distinguish between first-order kinetics and zeroorder Michaelis-Menten kinetics. For convenience, we used first-order kinetics; however, we hypothesized that physiologically a saturated condition of enzymatic breakdown of clomipramine would more accurately reflect the situation.
Previous research has shown that the fetal liver contains a very small amount of CYP450 iso-enzymes and that delivery triggers development of enzymatic activity, which is very limited immediately after birth [25] . The ratio of desmethylclomipramine to clomipramine increases in the first days of life, suggesting some metabolism of clomipramine into its demethylated metabolite by CYP3A4, CYP2C19 and CYP1A2.The large interindividual differences may be explained by large variation in maturation of processes and growth.
The withdrawal symptoms observed in the present study are in line with previously described neonatal symptoms after maternal clomipramine use [19, 35] . It has been estimated that 20-50% of neonates might develop TCA withdrawal reactions as a result of maternal use [16] [17] [18] . 
Figure 4
Relation of blood level decrease with Finnegan score Clomipramine in neonates However, specifications for clomipramine and its active metabolite, desmethylclomipramine, are not available. Most withdrawal reactions (28 of 39 scored) were registered in the first 24 h. Given the delayed elimination, it is not likely that the observed symptoms are attributable to a genuine withdrawal syndrome, but they are probably better described as a kind of neonatal adaptation syndrome, in the absence of specific data regarding whether excessive or reduced serotonin concentrations are present resulting from the exposure to clomipramine. While a substantial number of reactions were seen at 48 h after birth, it is doubtful whether clomipramine-exposed neonates could be safely discharged from the hospital 48 h after birth. Studies with SSRIs found percentages of 15-30% for neonatal withdrawal symptoms in the first days after delivery [37, 38] . However, most data were derived from case reports and not, as in the present study, with structured observations of every clomipramine-complicated pregnancy. Some neonatal symptoms, such as feeding problems, were also reported in non-exposed neonates of depressed mothers [19] ;;; therefore, in judging neonatal symptoms, it has to be taken into account that some symptoms may be caused by other factors, such as the transition from intrauterine to extrauterine life.Whether the fact that three of 11 pregnancies were complicated by preeclampsia could be attributable to the use of clomipramine is not clear, but in our opinion deserves further attention. Furthermore, we did not find a difference in frequency of withdrawal symptoms between breastfed and bottle-fed infants. This is in contrast with previous studies showing that breastfed neonates had significantly fewer withdrawal symptoms than bottle-fed neonates [19] . This might be explained by minimal transfer of clomipramine from the mother's milk to the newborn, as found previously [35, 39] . The discussion about the safety of antidepressants during pregnancy for mother and child is complicated by observations that untreated depression and stress symptoms during pregnancy may impede fetal growth, lead to smaller head circumference at delivery, increase the risk of obstetrical and postnatal complications, i.e. preterm delivery, low birth weight, spontaneous abortion, pre-eclampsia and substance abuse, and precipitate long-standing behavioural changes in the offspring [40] [41] [42] . To decide whether or not to treat depression with any antidepressant, only randomized trials can give the definite answers. Until then, the drugs of choice for pharmacological treatment of maternal depression are TCAs and fluoxetine [6] [7] [8] [9] [10] . This study has some limitations. First, the Finnegan score as a measure for the severity of withdrawal has been used in most studies about antidepressant withdrawal so far, but has been developed for opioid withdrawal [30] . A major problem for detecting withdrawal is the lack of appropriate diagnostic instruments. However, MosesKolko et al. proposed a symptom list for neonatal SSRI withdrawal [31] , Dilsaver et al. proposed a withdrawal syndrome in adults [32] , and Laine et al. proposed a symptom list derived from the symptoms associated with the serotonin syndrome [29] . The diagnosis of withdrawal symptoms could be biased by the following factors: metabolic diseases (hypoglycaemia or low blood concentrations of calcium, magnesium or sodium), endocrine diseases (hyperthyroidism), diseases of the central nervous system (hypoxic-ischaemic encephalopathy, periventricular haemorrhage or meningitis) and other diseases (hyperviscosity and excitation in small-for-gestational-age infants) [43] . However, in our study population, these diseases were not found.
Second, as only 11 mother-baby pairs were included, it was not possible to find a strong relation between withdrawal reactions and blood concentrations of clomipramine and desmethylclomipramine; therefore, revision of the neonatal antidepressant withdrawal syndrome concept seems unsuitable. However, as we did not find high clomipramine and desmethylclomipramine concentrations (therapeutic window for the sum concentration of clomipramine and desmethylclomipramine in adults, 175-450 mg l -1 [44] ), but still found withdrawal reactions in the presence of a long half-life, these data seem to support the hypothesis that the phenomena observed can better be described as a neonatal adaptation syndrome. However, we did not analyze free-fraction concentrations of clomipramine, which could be increased compared with those in adults [45] . Symptoms of withdrawal were seen independent of blood (concentration) levels, even when blood levels of clomipramine and desmethylclomipramine were below 5 mg l -1 . A weak correlation was seen between the rate of decrease of the sum concentration of clomipramine and desmethylclomipramine and the Finnegan score. This was hypothesized earlier, where a relation was assumed between half-life values and appearance of withdrawal reactions [13, 46] . Third, it is hard to draw any conclusions about the safety for the newborn of treatment with clomipramine of maternal depression during pregnancy, owing to the small sample size and lack of reference data. Compared with the serious and irreversible adverse effects seen with the use of SSRIs, it seems that clomipramine is relatively safe.
In order to make comparisons possible, data from this study suggest the need for structured surveillance in the first days after birth of neonates who were exposed to clomipramine and other depressants in utero. It is to be expected that after 8 days (five times half-life) clomipramine levels would be negligible in the neonate, so the period of observation in our study might have been too short for safe discharge from the hospital; however, most withdrawal reactions (28 of 39) were in the first 24 h.
Conclusion
We found that clomipramine is eliminated with an estimated half-life of 42 h in neonates exposed in utero.Tachycardia and cyanosis were seen as serious withdrawal reactions due to maternal use of clomipramine. Of the 11 observed pregnancies, three were complicated with preeclampsia, three with a caesarean section and one with diabetes mellitus.
